The self-assembly of the alanine-rich amphiphilic peptides Lys(Ala) 6 Lys (KA 6 K) and Lys(Ala) 6 Glu (KA 6 E) with homotelechelic or heterotelechelic charged termini respectively has been investigated in aqueous solution. These peptides contain hexa-alanine sequences designed to serve as substrates for the enzyme elastase. Electrostatic repulsion of the lysine termini in KA 6 K prevents self-assembly, whereas in contrast KA 6 E is observed, through electron microscopy, to form tape-like fibrils, which based on X-ray scattering contain layers of thickness equal to the molecular length. The alanine residues enable efficient packing of the side-chains in a beta-sheet structure, as revealed by circular dichroism, FTIR and X-ray diffraction experiments. In buffer, KA 6 E is able to form hydrogels at sufficiently high concentration. These were used as substrates for elastase, and enzyme-induced de-gelation was observed due to the disruption of the beta-sheet fibrillar network. We propose that hydrogels of the simple designed amphiphilic peptide KA 6 E may serve as model substrates for elastase and this could ultimately lead to applications in biomedicine and regenerative medicine.
Introduction
A major challenge in regenerative medicine is to create mimics of the extracellular matrix (ECM). To enable dynamic remodelling of ECM-mimics, substrates for proteases can be included. One example is the incorporation of substrates for elastase, which are often alanine-rich short peptides. 1 Elastase plays an important role in tissue injury 2 and elastase inhibitors are of interest for applications in wound healing, among others, 3 since elastase degrades elastin within the natural connective tissue. Elastin, as its name suggests, provides elasticity, for example to the skin. Alanine-rich sequences are found within certain exons of elastin 4 The conformations of synthetic alanine-rich peptides such as Ac-A 4 KA 4 KA 4 KA-NH 2 5 and Ac-KKA 7 KK-NH 2 6 and Ac-KKA 7 EE-NH 2 6 have been examined by circular dichroism (CD) spectroscopy and NMR techniques. Elastase-sensitive substrates such as A 9 K have been incorporated into PEG hydrogels to enable the creation of proteolytically-degradable materials for cell culturing. 1a,7 Another important biological role of alanine-rich sequences is found in spider silk where alanine repeats containing 5-7 residues are observed in major ampullate Spidroin 1, separated by repeats of a GGX motif.
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The alanine-rich domain forms tightly packed β-sheet structures which contribute to the exceptional tensile strength of spider silk. Surfactant-like peptides based on linked sequences of hydrophobic residues attached to shorter charged residue "headgroups" were introduced by Zhang and co-workers. 9 Stupp and co-workers examined the self-assembly of a lipopeptide C 16 -A 6 E 3 incorporating an A 6 sequence, and observed X-ray induced ordering of filaments into ordered bundles. 10 We recently examined the self-assembly of the mono-capped alanine-rich peptide A 6 K into nanotubes, 11 following earlier work on the self-assembly of this peptide. 12 In an initial model, based on (what we now believe to be incorrect) constraints from prior SAXS studies, we presented a model in which peptide β-strands were aligned parallel to the nanotube walls. 11 Based on data obtained from solid-state NMR experiments along with FTIR on isotope-labelled peptides, we have now shown that the peptides are in fact aligned perpendicular to the nanotube walls. 13 We reasoned that analogous peptides capped at both ends with oppositely charged termini would be likely to form hydrogels due to favorable electrostatic interactions and here we report on the self-assembly of KA 6 E which has oppositely charged residues at the termini as well as the "homo-telechelic" peptide KA 6 K. These short model peptides undergo distinct self-assembly behaviour, including, in the case of KA 6 E, hydrogelation. In addition, we examine the response of the hydrogel to degradation by elastase.
Oligo-alanine peptides containing fewer than nine alanine residues are observed to form β-sheet structures, whereas longer sequences (in the range 9-19 studied) leads to the formation of a mixed α-helical/β-sheet structure.
14 Therefore, KA 6 E is expected to adopt a β-sheet conformation. On the other hand, other groups report that alanine-rich peptides with charged terminal residues can adopt folded conformations such as polyproline II. 15 The secondary structure of the KA 6 E peptide will be analyzed here, along with elastaseinduced degradation of hydrogels. 
Experimental

Circular dichroism (CD)
In the lab, spectra were recorded using a Chirascan spectropolarimeter (Applied Photophysics, UK). The sample was placed in a cover slip cuvette (0.01 mm thick). Spectra are presented with absorbance A < 2 at any measured point with a 0.5 nm step, 1 nm bandwidth, and 1 second collection time per step at 20°C. The post-acquisition smoothing tool from Chirascan software was used to remove random noise elements from the averaged spectra. A residual plot was generated for each curve in order to verify whether or not the spectrum has been distorted during the smoothing process. The CD signal from the water was subtracted from the CD data of the peptide solutions. CD spectra for KA 6 E/elastase mixtures were measured at the synchrotron CD beamline B23 (Diamond Light Source, UK). 16 For these experiments, the sample was loaded into a CaF 2 demountable cuvette cell with a 0.01 mm pathlength. The spectra were measured at 20°C in the far-UV region (260-180 nm) with a 0.5 nm step and 1 second integration time. The CD spectrum of the solvent/buffer was subtracted from the CD spectra of the peptide solutions.
Fourier transform infra-red (FTIR) spectroscopy
Spectra were recorded using a Thermo-Scientific Nicolet IS5 or a Nexus-FTIR spectrometer, both equipped with a DTGS detector. Samples were sandwiched between two CaF 2 plate windows (spacer 0.012 or 0.025 mm thick). Spectra were scanned 128 or 168 times over the range of 900-4000 cm −1 .
Small-angle X-ray scattering (SAXS)
Experiments were performed on beamline BM29 at the ESRF (Grenoble, France). A few microlitres of samples were injected via an automated sample exchanger at a slow and very reproducible flux into a quartz capillary (1.8 mm internal diameter), which was then placed in front of the X-ray beam. The quartz capillary was enclosed in a vacuum chamber, in order to avoid parasitic scattering. After the sample was injected in the capillary and reached the X-ray beam, the flow was stopped during the SAXS data acquisition. The sample was thermostated throughout its entire travel from the injector to the quartz capillary. SAXS experiments were performed at 20°C. The q = 4π sin θ/λ range was set to 0.004-0.4 Å −1 , with λ = 1.03 Å (12 keV). The images were captured using a PILATUS 1M detector. Data processing (background subtraction, radial averaging) was performed using dedicated beamline software ISPYB.
SAXS theory
In this work we fitted the SAXS data of KA 6 E tapes as a product between the form factor of Gaussian bilayers and the modified Caillé structure factor corresponding to lamellar systems. The details of the bilayer model and the modified Caillé structure factor are given elsewhere. 17 The model for Gaussian bilayers assumes an electron density profile comprising one Gaussian function for each headgroup on either side of the bilayer electron density, (ρ H ), and one Gaussian function for the electron density of the chains in the core of the bilayer (ρ C ). The density ρ H has peaks centred at z H and −z H with width σ H . The density ρ C has a peak centred at z C , with width σ C . Our model assumes that the bilayer is centred at z = z C = 0. Gaussian polydispersity Δ z H in z H is included in the model. The Caillé structure factor for lamellar systems depends on the total number of layers N, the layer spacing d and the Caillé parameter η, which is a measure for the bilayer fluctuations. The fitting parameters of the model are the total bilayer thick-
The SAXS data for the elastase was modelled using the software Crysol (Version 2.8 © ATSAS team 1995-2011).
18 Crysol evaluates the solution scattering from macromolecules with known atomic structure. In this work, we used the atomic coordinates for the structure of porcine pancreatic elastase listed in the Protein Databank File pdb file 2V0B. 19 The form factor for the KA 6 E/elastase mixture was modelled using the form factor for generalized flexible Gaussian coils. 20 The parameters of the model are the coil radius of gyration, R G , the excluded volume parameter from the Flory mean field theory, ν, and a forward scattering at q = 0, I o .
The background for all the SAXS data was fitted according to the modified Porod law C 1 þ C 2 q C3 , where C 1 , C 2 and C 3 are constants.
Fluorescence spectroscopy
Fluorescence spectra were recorded with a Varian Cary Eclipse Fluorescence Spectrometer with samples in 4 mm inner width Quartz cuvettes. Fluorescamine is used as a reagent for the detection of amines because it reacts with primary amines to form highly fluorescent products. The fluorescamine fluorescence assay was performed using (9 × 10 −3 -5.6 × 10 −2 ) wt% KA 6 E solutions free of elastase, or containing elastase at a ratio [KA 6 E]/[elastase] ∼ 300-2000. All the samples contained 0.45 μM fluorescamine. The samples were excited at λ ex = 380 nm, and the fluorescence emission was measured for λ = 410-600 nm.
SDS-PAGE assay
The experiments were performed with >15% polyacrylamide gels. Binary KA 6 E/elastase or pure elastase solutions (10 μl) were diluted 1 : 1 in 2 × cc loading buffer containing bromophenol blue, and run on a 15% SDS-PAGE gel. After the run, the gel was stained with Coomassie R overnight, and destained for a day in destaining solution. After imaging, the gel was restained using Coomassie G250 (more sensitive staining) overnight, and destained in water for a day before imaging.
Cryo-transmission electron microscopy (cryo-TEM)
Experiments were carried out using a field emission cryo-electron microscope (JEOL JEM-3200FSC) operating at 200 kV. Images were taken using bright-field mode and zero loss energy filtering (omega type) with a slit with 20 eV. Micrographs were recorded using a Gatan Ultrascan 4000 CCD camera. The specimen temperature was maintained at −187°C during the imaging. Vitrified specimens were prepared using an automated FEI Vitrobot device using Quantifoil 3.5/1 holey carbon copper grids with 3.5 μm hole sizes. Grids were cleaned using a Gatan Solarus 9500 plasma cleaner just prior to use and then transferred into an environmental chamber of FEI Vitrobot at room temperature and 100% humidity. Thereafter, 3 μl of sample solution at 2 wt% concentration was applied on the grid, blotted once for 1 second and then vitrified in a 1/1 mixture of liquid ethane and propane at −180°C. Grids with vitrified sample solutions were maintained in a liquid nitrogen atmosphere and then cryo-transferred into the microscope.
Transmission electron microscopy (TEM)
TEM imaging was performed using a Philips CM20 TEM microscope operated at 200 kV. Droplets of solutions were placed on Cu grids coated with a carbon film (Agar Scientific, UK), stained with 1 wt% uranyl acetate, and air-dried.
X-ray diffraction (XRD)
X-ray diffraction was performed on a stalk prepared by drying a 43 mM KA 6 E gel in Trizma buffer. A solution was suspended between the ends of wax-coated capillaries and dried. The sample-to-detector distance was 50 mm. The stalk was mounted vertically onto the four axis goniometer of a RAXIS IV++ X-ray diffractometer (Rigaku) equipped with a rotating anode generator. The XRD data was collected using a Saturn 992 CCD camera.
Results and discussion
We first examined the self-assembly of KA 6 E in comparison to KA 6 K in water. FTIR and circular dichroism (CD) spectra, along with TEM images are shown in Fig. 1 . The FTIR spectrum for 7 mM KA 6 E shows features associated with β-sheet conformation, specifically peaks at 1618 cm −1 and 1689 cm −1 .
The latter is often associated with antiparallel β-sheets. In contrast, even at much higher concentration (300 mM), no ordered conformation was discernible for KA 6 K which shows a peaks at 1648 cm −1 due to disordered conformation. There is also a peak at 1673 cm −1 , which is due to TFA counterions bound to the lysine residues 21 (that this is absent for KA 6 E points to the formation of salt bridges between K and E residues on neighbouring peptide molecules). These conclusions are supported by CD spectroscopy since KA 6 E shows features associated with β-sheet structures (maximum at 195 nm and minimum at 215 nm) whereas KA 6 K shows only a weak maximum near 216 nm, consistent with an extended lefthanded helix of polyproline type II. 22 The TEM image shown in Fig. 1c reveals that KA 6 E forms fibrils with a diameter of (35.7 ± 2.6) nm at a concentration of 7 mM, whereas at a much higher concentration 300 mM only needle-like aggregates (32.6 ± 3.4 nm) nm thick were observed for KA 6 K. These appear to be disordered aggregates as defined spots were not observed by X-ray diffraction (data not shown). The isoelectric point of KA 6 E and KA 6 K were calculated to be 10.6 and 6.94 respectively. The pH values for KA 6 E and KA 6 K in Fig. 1 were 4 and 1 respectively, with a net charge at pH 7 of 0 (KA 6 E) and +2 (KA 6 K). 23 The increased electrostatic repulsion between KA 6 K molecules does not allow for the peptide to form self-assembled fibrils. We will therefore focus in the remainder of this paper on KA 6 E which forms β-sheet based fibrils and which undergoes hydrogels. We were motivated to develop enzyme-responsive hydrogels based on KA 6 E. We used elastase as enzyme since the alanine-repeat domain in KA 6 E is a substrate for this enzyme. Because the proteolytic activity of elastase has an optimum pH of 8.0-8.5, 24 thus further studies were performed in Trizma buffer at pH 8. KA 6 E in Trizma buffer at pH 8 formed solutions at concentrations lower than 42.8 mM and free-standing gels for higher concentrations. The pH of the samples was around 8 for KA 6 E concentrations decreasing from 7 to 85.5 mM.
X-ray diffraction was performed to investigate the secondary structure of KA 6 E. Similar profiles were obtained from stalks and gels, a representative intensity profile being shown in Fig. 2 smaller β-sheet spacing than typical for amyloid-forming peptides with other residues in the core β-sheet forming domain 27 ). The 4.4 Å peak arises from the peptide strand spacing within the β-sheets 25, 26 and the 3.7 Å spacing is associated with diffraction from planes containing the Cα unit. 26 An additional sharp peak is observed with d = 13.8 Å.
This is the second order reflection from a layer structure observed by SAXS (vide infra). The layer spacing d = 27 Å is consistent with the estimated length of the peptide (8 × 3.4 Å = 27 Å) in an antiparallel β-sheet. 28 This spacing is consistent with an up-down arrangement of the molecules (with no stagger) which is expected to be favoured based on electrostatics (i.e. oppositely charged termini are side-by-side). Fig. 3 shows that KA 6 E forms free-standing gels at sufficiently high concentration in Trizma buffer. Upon addition of enzyme at a molar ratio Mr E = 2.3 × 10 3 , de-gelation was observed. Mr E = 2.3 × 10 3 was selected because under these conditions macroscopic evidence of the gel breakup was observed. This is ascribed to the breakup of the physically entangled fibrillar network, as evidenced shortly through a combination of spectroscopic and microscopic techniques. CD spectra under similar conditions to those for Fig. 3 are presented in Fig. 4 . Similarly to the spectrum in water (Fig. 1) , the spectrum for KA 6 E in buffer shows β-sheet features, however these are eliminated upon addition of elastase and a spectrum of a disordered peptide conformation is observed. This is consistent with the breakup of the KA 6 E fibrils (the CD Fig. 1 (a) FTIR spectra, (b) CD spectra (obtained on a Chirascan spectrometer), and (c-d) TEM data obtained for 7 mM KA 6 K and 0.3 M KA 6 K solutions in water. FTIR data for KA 6 K in (a) has been shifted in order to enable the visualization of the data. spectrum of elastase in water itself does not show strong secondary structure characteristics, 29 and we found the same for elastase in Trizma buffer, data not shown). FTIR spectra in the amide I′ region shown in Fig. 5 support these conclusions, since the 1617/1686 cm −1 β-sheet features disappear on addition of elastase. Elastase itself has predominantly β-sheet structure (e.g. PDB file: 3EST), 30 although the FTIR spectrum at 0.02 mM is very weak (Fig. 5) . A fluorescamine fluorescence assay was performed to confirm the existence of free amide groups in the solution. The emission fluorescence spectrum of the fluorescamine was characterised by a broad maxima centred at 475 nm (results not shown). Fig. 6 shows the emission intensity at 475 nm measured for samples containing only KA 6 E with 0.45 μM fluorescamine. The results show the existence of free amine groups in the solution, probably because the fluorescamine interacts with the peptide terminus. Fig. 6 also shows the fluorescence for the same KA 6 E with 0.45 μM fluorescamine samples, ∼30 minutes after adding 1 × 10 −3 wt% elastase to them (KA 6 E + Elastase, circles). The presence of elastase in solution increases the fluorescence emission at 475 nm, denoting the cleavage of the peptide by the enzyme. 31 The fluorescence measured for control solutions containing 0.45 μM fluorescamine or 1 × 10 −3 wt% elastase + 0.45 μM fluorescamine is very weak, and therefore has been omitted in Fig. 6 . Electron microscopy was used to image nanostructures, and the influence of elastase. Fig. 7 shows TEM and separate cryo-TEM images. TEM image in Fig. 7a and b shows that (32.1 ± 8.2) nm thick tapes formed for 7 mM KA 6 E (Fig. 7a) , are destroyed for 7 mM KA 6 E, Mr E = 2.3 × 10 3 solutions in Trizma pH 8 (Fig. 7b) . Similarly, while cryo-TEM images for 14 mM KA 6 E show (25 ± 5) nm thick tapes (Fig. 7c) , cryo-TEM grids for 14 mM KA 6 E, Mr E = 2.3 × 10 3 solutions were mostly empty (Fig. 7d) . Small-angle X-ray scattering (SAXS) is a powerful in situ method to probe self-assembled nanostructures. Synchrotron SAXS was used to investigate the structure of KA 6 E in buffer with and without elastase. Fig. 8 shows the data along with model fits to the form factor intensity profiles. For KA 6 E, which forms β-sheets stacking into tape-like fibrils, we used a model of a Gaussian bilayer with a structure factor corresponding to the Caillé model of multi-layer systems. We have recently used this model to describe the SAXS profile from several peptide amphiphiles, and further details of the model can be found in these papers. 32 The peak at q = 0.23 −1 corresponds to a spacing d = 27 Å, as mentioned above a second order reflection associated with this spacing is identified by XRD. This periodicity is equal to the estimated length of the KA 6 E molecule and from this we infer up-down side-side stacking of the molecules within a layered structure. The parameters obtained from the fit of the SAXS data are listed in Table 1 . The form factor of elastase was computed from the published crystal structure (as described in the SAXS Theory section). It agrees very well with the data. Upon addition of elastase, the fibrils break up (as confirmed by TEM and spectroscopic techniques discussed above), therefore the form factor was fitted using a Gaussian coil model already described in the Experimental section. The parameters obtained from the SAXS fit are listed in Table 1 .
The products of KA 6 E cleavage by elastase were analyzed using SDS-PAGE, a technique that separates molecules ( peptides) according to their mass. Due to the fact that KA 6 E has a mass lower than 10 kDa, this technique only gives broad information on the mass of the PA and its cleaved fragments. In addition, gels with a high percentage of polyacrylamide (15%) were used (Fig. 9) . The undigested peptide (lane 1) was not observed in the expected region of migration (∼1 kDa), probably due to limitations of the technique. In particular, we were not able to run molecular markers with masses comparable to those of the PA, whereas the front of sample migration (i.e., migration of bromophenol blue) is around 5 kDa. Despite this, bands were observed at 60 and 30 kDa (bands a and b) which may be due to peptide aggregates. These bands were not present for the peptide/elastase mixture in lane 2, but were detected in lane 3 ( peptide/elastase with lower concentrations of both KA 6 E and elastase). The elastase enzyme (lane 4) appeared as three separate bands, one at ∼25 kDa (c) and what were probably autocleavage products of ∼15 + 8 + 5 kDa (d + e + f, respectively). The same pattern is also evident in lane 2, where a greater amount of elastase was added to the peptide. In summary, SDS-PAGE suggests that peptide aggregates seem to disappear after incubation with higher elastase concentrations, which provides indirect evidence of KA 6 E cleavage. Electrospray mass spectrometry data (not shown) also confirmed cleavage of the peptide, with a strong peak at m/z = 431 which is assigned to a fragment KA 4 or A 4 E. 
